¢ Desalination and Water Treatment
www.deswater.com

0 doi:10.5004/dwt.2018.22956

135 (2018) 351-361
December

Preparation of bamboo activated carbon by microwave radiation with water
vapour activation and investigation of its adsorption properties

Xiuying Fang’, Min Yang', Jiaxiong Li, Mu Xiang, Kaini Yang, Hongbin Wang* Guizhen Li*

Key Laboratory of Resource Clean Conversion in Ethnic Regions, School of Chemistry and Environment, Yunnan Minzu University,
Kunming, 650500, China, email: 1197084904@qq.com (X. Fang), 826677468@qq.com (M. Yang), 243990096 @qq.com (]. Li),
2927655249@qq.com (M. Xiang), 1549840437@qq.com (K. Yang), wanghb2152@126.com (H. Wang), 325865775@qq.com (G. Li)

Received 2 May 2018; Accepted 12 August 2018

ABSTRACT

The bamboo activated carbon (BAC) was prepared from bamboo charcoal, a commercial product,
using microwave radiation with water vapour activation. The surface chemistry and physical charac-
teristics of BAC were investigated by scanning electron microscope (SEM), Brunauer-Emmett-Teller
surface area (BET) analyzer, X-Ray Diffraction (XRD), Thermogravimetric differential scanning cal-
orimetry (TG-DSC) curve and fourier transform infrared spectroscopy (FI-IR). The BAC was used
for the removal of p-nitrophenol in water. The operational variables including adsorbent dosage, pH,
concentration and temperature of solution on the adsorption processes were studied. The BAC regen-
eration experiments were also carried out. The results showed that the iodine adsorption value was
1099 mg/g and the carbon yield was 34.3% under the optimum conditions. The BAC had a specific
surface area of 1168.72 m?/g, total pore volume of 2.203 mL/g and micropore volume of 0.444 ml/g.
The removal rate could reach 84% under the BAC dosage of 30 mg and p-nitrophenol solution pH of
5.33. The results of kinetic studies and isothermal adsorption model showed that pseudo-second-or-
der kinetics and Langmuir isothermal adsorption model was well fitted the adsorption equilibrium
process. After four times of regeneration, the removal rate could still reach 72%.

Keywords: Bamboo activated carbon; P-nitrophenol; Water vapour activation; Microwave radiation;

Adsorption

1. Introduction

Bamboo resource is an important part of forest resources.
China is the country with the most abundant bamboo
resources in the world. The species of bamboo, the area of
bamboo forest and the accumulation of bamboo resources
are the first in the world, which is known as the “bamboo
kingdom”. According to Zhida Zhang [1], the total area of
bamboo forests around the world is about 14 million ha with
more than 850 species. There are more than 500 species of
bamboo species known in China, with an area of 3.79 million
hectares of bamboo. They accounted for 60% and 27% of the
world bamboo species and bamboo forest area, respectively.

*Corresponding author.
*These two authors contributed equally to this work.

Water pollution has been a global environmental issue.
Phenol wastewater is a concern among industrial waste-
water. Most of the phenol compounds are toxic. With the
increases of amount and types of phenol-containing waste
waters, the phenol wastewater treatment has become a
research hot topic in the field of water pollution control [2].
At present, the treatment methods of phenol wastewater
mainly include oxidation [3], extraction [4], biological deg-
radation [5,6] and adsorption method [7,8], etc. Adsorption
treatment of wastewater has the characteristics of well treat-
ment effect, recyclable and reusable. The activated carbon
with good chemical stability, special pore structure and sur-
face functional groups [9] has been widely used in adsorp-
tion treatment of wastewater pollutants [10].
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In this study, bamboo charcoal was used as a raw mate-
rial for the preparation of activated carbon adsorbent by
microwave irradiation and water vapor activation. The
adsorption performance (activation temperature, time and
particle size) was investigated. The adsorption properties
of p-nitrophenol were studied by using this adsorbent, and
aiming to remove p-nitrophenol contamination.

2. Materials and methods
2.1. Preparation of BAC

Bamboo charcoal used in the experiments was carbon-
ized material, which was purchased from Wind Boat Chem-
ical Reagent Technology Co., Tianjin, Ltd. It was placed in
microwave tube furnace and heated to a predetermined
temperature in a nitrogen atmosphere with the heating rate
of 5-10°C/min. then water vapor with a flow rate of 6.4 g/
min was introduced for a certain period of time, which was
termed water vapor activation. After activation, nitrogen
gas was introduced to prevent oxidize. The product was
subsequently dried in an oven at 120°C for 24 h.

2.2. Characterization of BAC

The porous structure of BAC was determined by nitro-
gen (N,) adsorption-desorption isotherm at 77 K using
automatic volumetric adsorption analyzer (Micromeritics,
Model ASAP 2020, USA). The specific surface area was cal-
culated by the Brunauer-Emmett-Teller (BET) equation. The
surface morphology was observed by scanning electron
microscopy (SEM) analyzer (Model NOVA NANOSEM 450,
FEI of USB). The surface chemical functional groups were
obtained by Fourier transform infrared (FT-IR) spectrom-
eter (Model 1510, NICOLET). The number and structure of
micro crystalline were measured by X-ray diffractometer
(XRD) analyzer (Model DSAA25X, BROCK of GER). The
temperature-dependent weight loss rate was measured
with Netzsch STAA49F31 thermal analyzer.

2.3. Adsorbates

The iodine and methylene blue were selected as the
model adsobates, which were obtained from Fangzheng
Reagent Factory, Beichen District, Tianjin. The proper-
ties of iodine and methylene blue are shown in Table 1,
respectively.

P-nitrophenol was purchased from Aladdin’s Reagent.
It was selected the process objects in this work because

Table 1
Physical and chemical properties of adsorbates

of its wide water pollution. The properties and molecular
structure of p-nitrophenol are shown in Table 1 and Fig. 1,
respectively.

A standard solution of 2 g/L was prepared by dissolv-
ing an appropriate quantity of p-nitrophenol in distilled
water. Working solutions of desired concentrations were
prepared by successive dilution.

2.4. Analysis methods

The iodine and methylene blue adsorption values
were carried out according to GB/T 12496.1-12496.22-1999
[11,12], which are for the characterisation of wooden acti-
vated carbon.

The adsorption of p-nitrophenol on BAC was deter-
mined by measuring p-nitrophenol concentration in filtrate
using UV-Vis spectrophotometer (Model 8453, Agilent of
USA) at a wavelength of 318 nm.

2.5. Batch adsorption experiments

Batch adsorption experiments were carried out by
employing different parameters such as adsorbent dosage
(5-70 mg), pH (3-13), time (0-180 min), temperature (25—
45°C) and the initial concentration of p-nitrophenol (80-320
mg/L). The mixture was kept in a thermostated mechanical
shaker to reach equilibrium with an agitation speed of 240
rpm, filtered and the concentration of p-nitrophenol in the
filtrate was analyzed using UV-vis spectrophotometer at
318 nm. The amount of adsorbate adsorbed at equilibrium,
q,(mg/g) was calculated using Eq. (1).
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Fig. 1. Molecular structure of p-nitrophenol.

Adsorbates Iodine Methylene blue p-nitrophenol
CAS number 7553-56-2 7220-79-3 100-02-7
Molecular mass (g/mol) 253.81 373.90 139.11

Purity (%) 99.8 98.5 99

Molecular formula L C, H,CINS-3H,0 CH,NO,

A (nm) - - 318
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where C, (mg/L) is the initial concentration of p-nitrophe-
nol, whereas C,(mg/L) represent equilibrium concentra-
tion of p-nitrophenol, V (ml) is the volume of the solution
of p-nitrophenol and M (mg) is the amount of adsorbent
used.

The batch experiments for the adsorption kinetics were
similar to that of the equilibrium studies. The experiments
were conducted at different time intervals and the concen-
trations of p-nitrophenol were measured using the same
technique. The amount of p-nitrophenol adsorbed at time t,
at q,(mg/g) and the removal efficiency of p-nitrophenol, R
(%) were calculated by Egs. (2) and (3) respectively.
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where C, (mg/L) is the initial concentration of p-nitrophe-
nol and C, (mg/L) is the concentration of p-nitrophenol at
time t. V (ml) is the volume of the solution of p-nitrophenol
and M (mg) is the amount of adsorbent used, and R is the
p-nitrophenol removal efficiency in (%).

3. Results and discussion
3.1. Preparation of BAC
3.1.1. Effects of activation temperature

Table 2 shows the iodine and methylene blue adsorp-
tion values of BAC prepared with different activation
temperature (800-950°C). As can be seen from Table 2,
the iodine adsorption value increased from 696 mg/g
to 938 mg/g and methylene blue value increased from 4
mL/0.1 g to 13.5 mL/0.1 g with the increase of activation

Table 2
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temperature from 800°C to 950°C. This increase in adsorp-
tion values may be due to that water vapor first reacted
with the tar residue in the carbonized material to remove
the partially disordered carbon, then reacted with the
carbon skeleton to generate new pore structure [13]. The
pore structure was not fully developed at low tempera-
ture, but the increase of temperature promoted the endo-
thermic reaction between carbon and water vapor, which
was favorable for the formation of new pores [14]. Never-
theless, the corresponding carbon yield decreased signifi-
cantly from 57.6% to 37% with the increasing temperature
from 800°C to 950°C. This decrease in yield may be due to
the increase in losing of volatile material at high tempera-
tures [15]. Thus, 950°C has been taken as best activation
temperature for preparation.

3.1.2. Effects of activation time

Table 3 showed the iodine and methylene blue value of
BAC prepared with different activation time (10-50 min). It
can be seen from Table 3 that the iodine adsorption value
first increased from 815 mg/g to 1107 mg/g, thereafter it
decreased from 1107 mg/g to 989 mg/g , and the methy-
lene blue adsorption value increased from 0.70 mL/0.1 g to
14.2 mL/0.1 g with the prolonging of activation time from
10 min to 50 min. the iodine adsorption value reached the
maximum with the activation time of 20 min. This change
may be explained by the fact that in the initial stage of
activation, which facilitated the rudimentary opening of
pores, during pyrolysis and development of new pores [16].
After a long period of activation, pore-widening played a
major role, whereas pore-deepening and the formation of
new pore play secondary roles, thus more meso pores and
macro pores are evolved. The corresponding carbon yield
decreased from 65% to 16% with the prolong of activation
time from 10 min to 50 min, which might be due to the
oxidation reaction of bamboo charcoal and the higher the

Effects of activation temperature (particle size of 2-3 mm and activation time of 20 min)

Activation temperature  Iodine adsorption value Iodine adsorption value Methylene blue adsorption Carbon yield (%)
(°C) C, (mg/g) C (mg/g) value (mL/0.1 g)
800 148 696 4 576
850 148 757 5.2 52
900 148 868 9.8 46
950 148 938 13.5 37
Table 3
Effects of activation time (particle size of 2-3 mm)
Activation time (min) Iodine adsorption value Iodine adsorption value Methylene blue adsorption Carbon yield (%)
C,(mg/g) C (mg/g) value (mL/0.1 g)
10 148 815 7 65
20 148 1107 13.1 48
30 148 1035 13.5 32
40 148 1024 14 29
50 148 989 14.2 16
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degree of carbonized material by erosion [17]. Therefore,
20 min can be considered as optimum activation time for
preparation of BAC in this work.

3.1.3. Effects of the particle size

Table 4 shows the iodine and methylene blue adsorp-
tion value of BAC prepared with different particle size
(2-15 mm). As can be seen from Table 4, the iodine adsorp-
tion value (from 820 mg/g to 1099 mg/g) and methylene
blue adsorption value (from 8.1 ml1/0.1 g to 14.3 m1/0.1 g)
increased with the decrease of particle size, and the corre-
sponding carbon yield showed a decreasing trend (from
49% to 34%). In a certain range of particle size, the decrease
of particle size can make the contact of raw materials and
water vapor more fully, so that the activator can be effec-
tively utilized in the activation process [18]. Thus, the par-
ticle size of 2-3 mm was selected as the best experimental
particle size.

3.2. Comparison of performance of BAC obtained with different
methods

As can be seen from Table 5, the two heating methods
of the preparation process comparison shows that micro-
wave radiation had the advantages of short activation time.
The activation temperature stage, the microwave radiation
could reached up to the required temperature in only a
few minutes. However, high-temperature activation need
nearly 90 min to achieve the required activation tempera-
ture, the activation time was longer, it was 2.5 times of the
microwave radiation. In addition, the iodine and methylene
blue adsorption value was better than the high temperature
activation, which exceeded the national standard, and high

Table 4
Effects of the particle size

temperature activation could only activate about 30 g of
bamboo charcoal at a time, but microwave method could
activate about 100 g of bamboo charcoal at a time. There-
fore, microwave radiation and water vapor activation were
selected for subsequent research.

3.3. Characterization of bamboo activated carbon
3.3.1. SEM analysis

Fig. 2 shows the SEM images of bamboo charcoal (a)
and BAC (b) with magnification of 180000 times. It can be
clearly observed from Fig. 2, the surface of bamboo charcoal
was relatively smooth, and nevertheless, the surface of BAC
was uneven. It indicates that BAC using water vapor activa-
tion had abundant and dense pore structures. The increase
porosity after activation also reflected in the increased sur-
face area of BAC [19].

3.3.2. BET analysis

The surface areas and pore structure parameters ana-
lyzed by BET are shown in Table 6. The BAC had a spe-
cific surface area of 1168.72 m*/g, micro pore surface area of
1030.37 m?/g, external surface area of 138.35 m*/g, average
pore size of 2.786 nm, total pore volume of 2.203 cm?®/g and
micro pore volume of 0.444 cm®/g. The results indicate that
water vapor promoted the formation of pore structures, and
the above results are consistent with the SEM results [20].

3.3.3. FT-IR analysis

Fig. 3 depicts the FTIR spectra of the bamboo charcoal
(a) and the BAC (b). Fig. 3 shows that the intense band was

Particle sizes (mm) Iodine adsorption value

Iodine adsorption value

Methylene blue adsorption Carbon yield (%)

C, (mg/g) C (mg/g) value (mL/0.1 g)
15-20 148 820 8.1 49
10-15 148 893 99 42
5-10 148 961 12,5 38
3-5 148 990 13 37
2-3 148 1099 14.3 34

Table 5

Comparison of performance of BAC obtained with different methods

Conditions and indicators

Microwave radiation

High-temperature activation  First class standard

Temperature (°C) 950
Time (min) 20

Steam flow rate (g/min) 6.4
Particle size (mm) 2-3

Iodine adsorption value (mg/g) 1099
Methylene blue adsorption value (mL/0.1g) 14.3
Carbon yield (%) 34

850

50

2.65

2-3

1038 1000
12 9

39
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at about 3400 cm™, which was ascribed to the O-H stretch-
ing vibration. There may be the hydroxyl groups in car-
boxyl group, phenol and alcohol. The band at 1600 cm™
was corresponded to the C=0 stretching vibration of the
carbonyl ester, ketone, carboxylic acid or the C=C stretch-
ing vibration of the unsaturated hydrocarbon compound;
the band at 1100 cm™ was corresponded to the C-O stretch-
ing vibration of the alcohol or ester; the band 1440 cm™
and 600-1000 cm™ was corresponded to the existence of
aromatic ring [21]. At 3400 cm™, the decrease of the O-H of
BAC was obvious, which may result in the pyrolysis of the
group during the activation process. At 1600 cm™, the num-
ber of carboxyl groups increased significantly. The result
indicated that the BAC had abundant functional groups.

Fig. 2. SEM images of bamboo charcoal (a) and BAC (b) with
magnification of 180000 times.

Table 6
Date of the pore size distribution of BAC
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3.3.4. XRD analysis

The patterns of bamboo charcoal (a) and BAC (b) are
shown in Fig. 4. The measured XRD pattern of bamboo
charcoal (a) had similarity to the XRD pattern of BAC (b).
The diffraction peaks located around 25° and 44°, which
was consistent with data reported in Refs [22]. The 20 at
25° correspond to the (002) diffraction plane of graphite
structure, and 26 at 44° correspond to the (100) diffraction
plane of graphite structure, which was consistent with date
reported in Refs [23]. From Fig. 4 it is obvious that the peaks
around 20 = 25°and 26 = 44°slightly increased for the BAC.
This change may be explained by the fact that the number
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Fig. 3. FTIR spectra of bamboo charcoal (a) and the BAC (b).
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Fig. 4. XRD pattern of bamboo charcoal (a) and BAC (b).

External surface
area (m?/g)

Surface area (m*/g) Micropore area

(m*/g)

Average pore
radium(nm)

Total pore volume

(cm®/g)

Mircopore volume

(cm*/g)

1168.72 1030.37 138.35

2.786

2.203 0.444
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of graphite crystalline in carbon materials increased with
the increase of carbonization or activation temperature and
the prolongation of heating time. Nevertheless, the car-
bonization temperature was between 300-600°C and the
activation temperature was between 700-1000°C, thus the
diffraction peaks of BAC was stronger than that of bamboo
charcoal.

3.3.5. TG-DSC analysis

The TG-DSC curves of bamboo charcoal and BAC are
shown in Fig. 5. The significant weight loss of bamboo char-
coal and BAC was about 3% and 8% at 20-100°C, respec-
tively. At this stage the weight loss was mainly caused by
the evaporation of water. The second stage of weight loss
of bamboo charcoal at 350-920°C, the weight loss was
about 95%. The second stage of weight loss of BAC at 300-
720°C, the weight loss was about 86%. The weight loss in
this period was mainly caused by the cellulose and lignin
pyrolysis of raw materials, in addition, it also caused by the
dehydrogenation condensation of aromatic compounds.
According to the DSC curve of bamboo charcoal and BAC,
the DSC curves of the two graphs had endothermic peak

X. Fang et al. / Desalination and Water Treatment 135 (2018) 351-361

at about 460°C, which coincides with the change of the TG
curve [24].

3.4. Comparison of performance parameters of activated carbons
with other works

The performance parameters of activated carbons from
different studies are listed in Table 7. The comparison indi-
cates that the performance parameter (Surface area, Total
pore volume, Iodine adsorption values) obtained in this
work was comparable with the previous researches. The
high surface area and iodine adsorption value observed
in this work demonstrates the energy saving potential and
effectiveness of microwave heating generation mechanism.

3.5. Batch adsorption experiments

3.5.1. Effect of adsorbent dosage on adsorption of
p-nitrophenol

As shown in Fig. 6, removal efficiency of p-nitrophenol
was also significantly affected by adsorbent dosage. The
removal efficiencies of p-nitrophenol increase from 20% to
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Fig. 5. Characteristic curves of bamboo charcoal: TG (a) and
DSC (b). Fig. 6. Characteristic curves of BAC: TG (a) and DSC (b).
Table 7
Comparison of performance parameters of activated carbons with other works
Feedstock Activator Surface area, BET ~ Total pore volume Iodine adsorption Refs
(m?/g) (cm®/g) values (mg/g)
Camellia nutshell ~ ZnCl, 2023.15 2.34 1120 (Zhou, 2014)
Arundo donax L. H,P,0, 1443.4 1.333 - (Sun, 2014)
Camellia nutshell =~ Steam 935 - 968 (Zhou and Zhang, 2003)
Bamboo Steam 1068 0.55 - (Zhang, 2015)
Rubber wood Steam 1092 - 765 (Prakash Kumar et al.,
sawdust 2006)
Phenolic Resin Steam 727.62 - 1050.28 (Zhao et al., 2009)
Bamboo charcoal Steam 1168.72 2.203 1099 This work
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84% with ranges of adsorbent dosage from 5 mg to 30 mg.
This might be due to increases in surface area of the adsor-
bent with the increase in adsorbent dosage [25]. Further,
it was noticed that increasing adsorbent dosage does not
show any increase in removal efficiency. This may be due to
fact that all active sites may be occupied by adsorbent and
the overlapping of active sites at higher dose [26].

3.5.2. Effect of pH on adsorption of p-nitrophenol

Adsorption is also affected by the pH change of the solu-
tion [27]. Fig. 7 depicts that percentage removal of p-nitro-
phenol first reduced and then increased with the increase of
pH, the percentage removal was relatively good (pH < 5.5
or pH > 9.5), but relatively poor (pH = 5.5-9.5). This might
be due to the amount of H* in the solution is more under
low pH (<5.5), and the nitro group is the electron-with-
drawing group, so that the electro negativity of the oxy-
gen atom in the phenolic hydroxyl group is strengthened,
the positive charge of the hydrogen atom is strengthened,
which increases the hydrogen bonding sites [28]. The pH
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Fig. 7. Effect of adsorbent dosage on the removal efficiency
of p-nitrophenol using BAC (V =50 ml, C, = 160 mg/L, pH =
5.33, T = 298 K).

Table 8

of p-nitrophenol solution was 5.33. The percentage removal
was 84% at this pH. Therefore, it does not adjust the pH of
p-nitrophenol solution in the follow-up experiments.

3.5.3. Adsorption kinetics

In order to better explain the adsorption mechanism
and behavior of p-nitrophenol during the adsorption pro-
cess that Lagergren pseudo-first-order and McKay pseu-
do-second-order kinetic models were used to analyze the
experimental data and the calculated adsorption capacity
was compared with the actual amount that the coincidence
degree of the fitting equation was investigated.

(i) The linear expression of Lagergren’s pseudo-first
order kinetic model [29] is given by:

Log(q, —q,) = Logg, )

2.303
In the above equation q,(mg/g) is the amount of p-ni-
trophenol adsorbed at quilibrium, g, (mg/g) is the amount
of p-nitrophenol adsorbed at time ¢ (min), k, (min™') is the
Lagergren rate constant of pseudo-first-order adsorption
and t (min) is the contact time.
(ii) The linear form if the Ho’s pseudo-second-order
kinetic model [30,31] is given by:

t_ 1. ¢ ©)

g ka4l q.
where k, (g/mg/min) is the equilibrium rate constant of
pseudo-second-order adsorption. g, (mg/g) is the p-nitro-
phenol adsorbed at a given time period (f), g, (mg/g) is the
p-nitrophenol adsorbed at equilibrium.

The kinetic parameters are listed in Table 8. It can be seen
from Table 8 that the correlation coefficients R’ , of the pseu-
do-second-order kinetic model are greater, which indicates
that the pseudo-second-order kinetic model fitted to describe
the adsorption process better. In addition, the calculated val-
ues of g, agreed well with the measured values of g, the rel-
ative error was less than 1.93%. In this process, there existed
the behavior of surface adsorption, liquid film diffusion
and particle diffusion. It also can be seen from Table 8 that
the adsorption capacity had a decreased tendency with the
increase of temperature, which indicates that low tempera-
ture was beneficial to the removal of p-nitrophenol.

Comparison adsorption rate constants of first order and second order and calculated and experimental g,

Variable Pseudo-first order kinetic model Pseudo-second order kinetic model
q, (exp) q, (cal) k,/min™ R?adj q, (cal) k, (g/mg/ R?adj
(mg/g) (mg/g) (mg/g) min)
T/K 298 2189 5.082 0.0002 0.3907 2189 0.02086 0.9999
308 2109 6.642 0.0058 0.8497 215.0 0.02703 1
318 2084 2.535 0.0003 0.0624 211.6 0.44664 0.9999
Co/mg/L 80 121.7 1.720 0.0051 0.6664 1219 0.07474 1
160 2189 5.920 0.0014 0.3122 2189 0.01896 0.9999
240 270.7 10.22 0.0032 0.5264 278.3 0.06454 0.9999
320 298.1 4.500 -0.0041 0.7283 311.3 0.00368 0.9995
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3.5.4. Adsorption isotherm

Adsorption isotherm is beneficial for describing the
interaction of adsorbates with adsorbents. Therefore, it
is critical for the optimal utilization of adsorbents. In this
study, Langmuir and Freundlich isotherm models were
applied to simulate the isotherm data.

3.54.1. Langmuir isotherm model:

Langmuir isotherm model [32] is based on the following
assumptions: (i) adsorption cannot proceed beyond mono
layer coverage, (ii) all surface sites are equivalent and can
accommodate only one adsorbate molecule, and (iii) the
ability of a molecule to adsorb at a given site is indepen-
dent of the occupation of neighboring sites. The nonlinear
expression of the Langmuir isotherm model is given by:

__Kig,

=77 KLC, ©)

and one of its linear equations is given in Eq. (7):

i 1 1.1 @)

qe KLqm Ce qm

where C, (mg/L) is the concentration of p-nitrophenol at
equilibrium, g, (mg/g) is the adsorption capacity at equi-
librium, g, (mg/g) gives the maximum adsorption capacity
at complete coverage, K, (L/mg) is the Langmuir adsorp-
tion equilibrium constant that related to the free energy of
adsorption.

3.5.4.2. Freundlich isotherm model:

Freundlich isotherm model [33] predicts the heteroge-
nous surface adsorption sites of adsorbents. The nonlinear
expression of the the Freundlich isotherm model is given

by Eq. (8):
q? = Kfctl'/n (8)

The logarithmic linear form of the equation is given in

Eq. (9):
1

Ing, =—InC, +InK; )
n

where K, is Freundlich constant related to the adsorption
capacity, n are Freundlich parameters related to the adsorp-
tion intensity. It can be calculated from the linear plots of In
g,vs.InC,

The adsorption isotherms of p-nitrophenol from solu-
tion on the BAC (at 25°C, 35°C and 45°C, respectively.)
are depicted in Fig. 8. The similar shapes of the isotherms
suggest that the adsorption process occurred via the sim-
ilar pathways . As shown in Fig. 8, the initial isotherms
rise rapidly during the initial stage of adsorption when Ce
and g, values are both lower, there are many readily acces-
sible sites available on the surface of BAC [34]. However,
the adsorption isotherms rate of decrease gradually at high
concentrations, it is due to more time is required to reach to
equilibrium [35].

350
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100

80 160 240 320 400 480
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Fig. 8. The effect of pH on the removal efficiency of p-nitro-
phenol using BAC (V = 50 ml, C; = 160 mg/L, T = 298 K,
adsorbent dosage = 30 mg).

The corresponding parameters and correlation coef-
ficients are listed in Table 9 and the result of Langmuir is
shown in Fig. 9a, and the result of Freundlich is shown in
Fig. 9b. Applicability of the isotherm models to describe the
adsorption process was judged by the correlation coeffi-
cient (R?) values.

It can be seen from Table 9 that the adsorption behav-
ior of BAC on p-nitrophenol could best fitted to the Lang-
muir isotherm model, because Langmuir isotherm has
the higher correlation coefficient, which indicates that the
adsorption behavior of BAC on p-nitrophenol is mono-
layer adsorption.

3.5.5. Thermodymanic studies

The physical or chemical nature of adsorption of p-ni-
trophenol on the BAC was predicted by estimating the ther-
modynamic parameters. Thermodynamic parameters such
as free energy (DG), enthalpy (DH) and entropy (DS) were
estimated by taking different temperature and were calcu-
lated by the following equations.

AG =-RTInK (10)

AG = AH - TAS (11)

k=25 _AH (12)
R RT

where R (8.314 ] /mol/K) is the universal gas constant and T
(K) is the reaction temperature. K (L/mg) is the distribution
coefficient for the adsorption.

All thermodynamic parameters are shown in Table 10.
The negative values of DG at all temperature indicate spon-
taneous nature for the adsorption process. The negative
DH reveals the exothermic reaction of BAC adsorption. The
degree of randomness increased as value of AS is negative.
All these results were observed by Ahmed [36] using micro
porous activated carbon.
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Table 9
Langmuir and Freundlich isotherm model parameters

T/K Langmuir isotherm model Freundlich isotherm model
Equation 9,0 (mg/g) K, (L/mg) Equation 1/n K, R?
298 5= 20.85C, 369.0 0.05653 0.9858 g, = 83.09C€O.2698 0.2698 83.09 0.7775
© 1+0.0566C,
308 . 16.90C, 3494 0.04496 09833 g =7534C 7 02761 75.34 0.7775
© 1+0.04496C,
318 5= 16.66C, 322.6 0.05165 0.9048 g, = 72.02CF0.2735 0.2735 72.02 0.7467
© 1+0.05165C,
0.009 - Table 10
: Thermodynamic parameters for the adsorption of p-nitrophenol
0.008 |- on BAC at different temperatures
0.007 - Temperature (°C) AG (KJ/mol) AH (J/mol) AS (J/mol/K)
o 006l 25 17.32 371195 -36.83
= 35 1775
0.005 45 -18.26
0.004 -
0.003 NF
000 002 0.04 006 008 010 0.12 014 ~80r
e
1/C é 70
Z 60|
Fig. 9a. Langmuir isotherm plots for the adsorption of p-ni- = |
trophenol on BAC. .g 50 F
E 40t
[<P) L
5.8 = 30
g 20 [
56} = [
o 10+
54t ~ ot
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=52t
: .
= 50| Times
48 Fig. 10. Effect of regeneration times.
| | ° N
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Fig. 9b. Freundlich isotherm plots for the adsorption of p-ni-
trophenol on BAC.

3.6. Regeneration of BAC

The effect of microwave regeneration on the percentage
removal of p-nitrophenol was shown in Fig. 10. It can be
seen from Fig. 10 that the initial percentage removal of BAC
was 84%. After four adsorption-regeneration cycles, the per-

result indicates the performance of BAC by microwave-as-
sisted regeneration is well, integration of microwave irradi-
ation promoted the preservation of porosity and adsorption
performance in a short heating period [37]. Meanwhile, the
study demonstrates the effectiveness of microwave heating
for regeneration of BAC.

4. Conclusions

The results of the study demonstrate the potential of
bamboo charcoal as an efficient raw material for the prepa-
ration of BAC via microwave radiation and water vapor
activation. The surface morphology, adsorption perfor-
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mance, carbon yield, oxygen-containing functional groups
and porosity of BAC were significantly affected by the acti-
vation conditions. Optimum conditions for the preparation
of BAC include the mass of 100 g, water vapor flow rate
of 6.4 g/min, activation temperature of 950°C, activation
time of 20 min and particle size of 2-3 mm. The BAC had
a good adsorption performance, with the iodine adsorp-
tion and methylene blue adsorption value of 1099 mg/g
and 14.3 mL/0.1 g, respectively; it also had a developed
porous structure with the BET surface area of 1168.72 m?/g,
micro pore area of 1030.37 m?/g and total pore volume
of 2.203 cm?/g. The results showed that BAC had a good
potential for the removal of p-nitrophenol from wastewater.
In this work, the maximum percentage removal was 84% at
pH = 5.33, due to the increased the concentration of H* on
BAC surface. The temperature exhibits a negative effect on
the percentage removal of p-Nitro phenol. It was found that
adsorption equilibrium was better described by Langmuir
isotherm model, with a monolayer adsorption capacity of
320 mg/g. Further, the adsorption kinetic shows that the
process was best fitted with pseudo-second order model.
Meanwhile, the study demonstrates the effectiveness of
microwave heating for the regeneration of BAC.
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